This paper proposes a new micro-nebulizer integrating piezo-electric actuator, micro-nozzle plate, and the cavity of a micro-pump to achieve a high-quality nebulizing effect. With this micro-nebulizer, the size distribution of nebulized droplet particles is finer and more uniform than that of commercial ultrasonic and pneumatic ones. Besides, the system power consumption and volume size are lower and smaller than those of the ultrasonic and pneumatic types. Its whole size is about 18 mm × 32 mm × 35 mm in volume and power consumption is about 1 Watt. The fabrication process of a micro-nozzle plate includes multi-exposure and single develop (MESD), high-hardness nickel-cobalt (Ni-Co) alloy micro-electroplating and high-speed precise microinjection molding. A mold with hardness of Vicker (H v ) 550 is obtained. With such hardness, it endures the high-speed injection molding without deformation. The dimensions of nozzle plates are 4 mm in width, 7 mm in length 8 µm in nozzle-hole diameter and 100 µm in total thickness. The lowest thickness around a nozzle hole is 40 µm. The aspect ratio is about 5. When the working frequency of a piezo-electric micro-nebulizer is set at 16 KHz, a nebulizing rate of 1.8 cc min −1 is obtained. The developed piezo-electric micro-nebulizer at 16 KHz frequency oscillation shows an excellent mass median diameter (MMD or D[4][3]) value of 6.13 µm. This micro-nebulizer is applied to nebulize a test sample of myoglobin into a micro-droplet for the analysis of fused-droplet electrospray ionization (FD-ESI) mass spectrometry. Methyl-alcohol solvents of different consistencies are used to react with myoglobin for FD-ESI mass spectrometry analysis. The result reveals that this developed micro-nebulizer shows a better result of mass spectrometry compared to the commercial ultrasonic and pneumatic ones. This micro-nebulizer is applicable to the FD-ESI mass spectrometry analysis.
Introduction
Asthma and chronic obstructive pulmonary disease (COPD) are widely prevalent in the industrialized countries of the world. Most patients suffering asthma and COPD commonly seek inhaled drug therapy. By the use of a nebulizing mechanism, patients were able to nebulize a medical solution into tiny particles, enabling medicine to enter the trachea through the nasal or oral cavity [1] . In general, there are three common types of aerosol generators: metered-dose inhalers (MDI), dry powder inhalers (DPI) and nebulizers [2] . Among them the nebulizer is preferred over other aerosol generating devices since some patients cannot master the correct use of MDI or DPI, and some drugs for inhalation are available only in solution form. Furthermore, according to the Food and Drug Administration's (FDA) guidance documents [3] , in all the various medicine inhalation facilities for treating patients of bronchitis, the nebulized medical particles need to be less than 5 µm in diameter in order to achieve sufficient therapeutic effects.
On the other hand, the market share of the inkjet printer has grown dramatically in the past few years due to its advantage of low cost, easy color printing and high resolution. A core part of the nebulizer and inkjet printer is the nozzle plate. The application of a nozzle plate can be used in other fields, for example, DNA printing [4] , direct patterned crystalline films [5] , flame atomic absorption spectrometry [6] , inductively coupled plasma mass spectrometry [7] and drug delivery system [8] . In general, the nebulizer and printer offer advantages as a mean of introducing liquid samples into nebulization for different applications.
Lee et al [9] presented an electroplating process combined with thick photoresist technology to fabricate the monolithic nozzle plate. However, the electroplating did not possess acceptable repeatability, especially in the high-resolution nozzle plate. In recent years, a number of technologies for polymeric microstructure replication have been proposed, including LIGA process [10, 11] , hot embossing [12, 13] and injection molding [14, 15] . But for the LIGA process, lithography using synchrotron orbital radiation (SOR) x-ray facility and x-ray masks is expensive. In the hot embossing process, local inhomogeneities of embossing pressure cause surface undulations easily. It increases cycle time. Therefore, hot embossing is not suitable for mass production of nozzle plates. Microinjection molding technology not only has a short cycle time, but also has advantages of low cost, high precision and a variety of material selectivity for mass production [16] . The pneumatic micro-nebulizer usually has problems like being too bulky or too noisy. As regards ultrasonic micronebulizer, though it is improved on a large scale regarding the above-mentioned problems, the ultrasonic type requires high frequency (greater than MHz) of oscillation to break the liquid into a micro-droplet, resulting in disadvantages like the waste of power, thermal damage effect on test sample and particle sizes that are not uniform [17, 18] . The function of piezo-electric ceramic materials requires a working frequency range as low as somewhere in the region of several KHz. This drastically decreases the thermal damage effect and the consumption of the power. The micro-pump technology of piezo-electric inkjet printheads [19] was proposed as the actuation mechanism for this purpose.
This paper presents a new piezo-electric micro-nebulizer. The objective of this paper is to develop a micro-nebulizer with the following qualities: power-saving and small particle size. The process applies a modified LIGA technology, including high hardness mold insert (or mold core) fabrication, integration of fluid channels, cavities, nozzle hole all in one nozzle plate, a short cycle time and thin-wall microinjection molding for mass production of nozzle plates. The structure of nozzle plates is patterned using a dry-film photoresist and a multi-exposure and single develop (MESD) process. To obtain a high-strength mold of nozzle cores, the nickel-cobalt (Ni-Co) micro-electroplating technique is applied. In this study, a liquid crystal polymer (LCP) is used for thin-wall microinjection molding. With this Ni-Co mold, LCP for thin-wall microinjection molding is realized. Finally, this new micro-nebulizer is used for the fused-droplet electrospray ionization (FD-ESI) mass spectrometry analysis to replace traditional ultrasonic and pneumatic ones. This micronebulizer with double model piezo-electric actuators works at low frequency to avoid the ultrasonic thermal effect to destroy test samples. This new micro-nebulizer is recommended for biochemical sample analysis.
Fabrication process

Fabrication of a nozzle plate mold
The nozzle plate mold is fabricated using the UV-LIGA technology. The fabrication process includes MESD and high hardness Ni-Co electroplating technology. The process of MESD, as shown in figure 1 , includes the following steps. First, the first layer of a dry-film photoresist is coated on a silicon substrate. The first exposure is applied to define the pattern of nozzle holes (see figure 1(a) ). Second, the second layer of a dry-film photoresist is coated upon the first layer. The second exposure is applied to pattern fluidic channel and cavity for integration of fluid channels, cavities and nozzle holes all in one nozzle plate. The total thickness of the two layers is 100 µm as schematically shown in figure 1(b) . Third, after the photoresist template is completed, the Ni thin film is sputtered (about 0.2 µm) on the template as a seed layer as schematically shown in figure 1(c) . Fourth, the NiCo electroplating technique is used to form the Ni-Co mold insert of a nozzle plate as shown in figure 1(d) demolding, a chemical and mechanical polishing method (CMP) is applied to reduce the total thickness variation of the Ni-Co mold (see figure 1(e) ). Finally, the silicon substrate and dry-film photoresist are etched off using a KOH solution to release the mold, as schematically shown in figure 1(f ).
Microinjection process for a nozzle plate
In this study, the injector 'Battenfeld Microsystem 50' is used for thin-wall microinjection molding. Since the designs of injection, heating and metering sensor are separated, the 'Battenfeld Microsystem 50' performs the microinjection process with high accuracy. This 'Battenfeld Microsystem 50' has advantages of super-high injection speed, high precision, etc. This system includes an injection unit, clamping system, hydraulic system and control system. Figure 2 shows the layout of the microinjection molding of the nozzle plate, including return pins, locks, molds, nozzle plate cores, guide pins and M8 screws. There are four guide pins to fix the mold position. Four return pins are used to push the mold insert back. Four M8 screws can fix the other components through the platen and spacer. Then, the Ni-Co mold insert is put in a mold plate. There are 12 micro-nozzle plate cavities in one mold and each has a running channel design. The diameter tolerance of nozzle plate cores is 8 ± 0.5 µm in diameter. The counting precision and stability of the microinjection equipment are key to this process. LCP is chosen as a molding material in this study. The reason for choosing LCP is because of its chemical and mechanical properties. It exhibits low viscosity, low and controllable thermal expansion, high antacid, easy combination, low wet absorbency and low gas permeation. The material properties of LCP are listed in table 1.
Measurement of a droplet size
Measurement equipment
For particle size measurement, figure 3 illustrates the working principle of the RT-Sizer instrument, purchased from Malvern 
Micro-nebulizers for FD-ESI mass spectrometry
The FD-ESI mass spectrometry used in this study is the TOF-Q mode purchased from Bruker Inc. Three different types of micro-nebulizers are realized and characterized of their nebulization capability for FD-ESI mass spectrometry analysis. The test sample is nebulized by these micronebulizers, and sprayed into the free ionized area to react with the methyl-alcohol solvent from the high voltage area, as schematically shown in figure 4.
Piezo-electric micro-nebulizer.
The micro-nebulizer developed in this study is a piezo-electric one. It nebulizes the test sample in the liquid cavity. It utilizes the piezoelectric actuator with square waves of dc 24 voltage to vibrate periodically to nebulize the test sample. Then, the test sample passes the nozzle hole of 8 µm in diameter in the nozzle plate, to generate droplet particles. The prototype of the nebulizer along with its specification is shown in figure 5 . Since this does not induce thermal effect, it does not need an additional radiator. Its total size is about 18 mm × 32 mm × 35 mm in volume and power consumption is about 1 Watt.
Ultrasonic micro-nebulizer.
The second one is an ultrasonic nebulizer, model U-5000, purchased from CETAC Inc. However, its total size is very bulky, about 500 mm × 500 mm × 100 mm in volume, as shown in figure 6 . The power consumption is about 18-26 Watt. The test sample is carried into this micro-nebulizer at a rate of 150 µl min
by pump, and generate droplet through ultrasonic vibration. Then, the micro-droplet is carried to the mixing area by gas N 2 at a flow rate of 0.5 l min −1 to blend with a charged solvent produced by electrospray.
Pneumatic micro-nebulizer.
The third one is a pneumatic nebulizer, purchased from Applied Biosystems Inc. The input test sample is nebulized through atmospheric pressure chemical ionization (APCI). However, its total size is very bulky, about 70 mm × 70 mm × 50 mm in volume, as shown in figure 7 . The power consumption is about 70-35 Watt. The test sample is carried into the micro-nebulizer cavity by a micro-pump at a rate of 60 µl min −1 . The assisted gas is blown at a rate of 1 l min −1 to help the nebulization process.
Test sample myoglobin
The test sample, myoglobin, is diluted to a 1 × 10 −5 mol l −1 . Then, this test sample is nebulized to an aerosol status using three different micro-nebulizers for FD-ESI mass spectrometry analysis.
The to discuss the relationship between the concentration and the result of the mass spectrometer analysis.
Result and discussion
Results of the fabrication process
For mold cavity designs, the structure of a nozzle plate is patterned using a dry-film photoresist and MESD processes. Then, the pattern of the photoresist is transferred into a metal Ni-Co mold by electroplating. The Ni-Co mold is shown in With such high hardness of the Ni-Co mold, it withstands the high injection speed without deformation. Besides, it enhances the endurance of the nozzle mold and reduces the production cost. With the microinjection molding technology, the fabrication of a thin-wall nozzle plate with a short cycle time is achieved.
To obtain high-hardness mold cores for microinjection molding, Co concentration is added up. However, the internal stress increases as well, as shown in figure 9(a) . Therefore, it is necessary to add a stress reducing agent into the Ni-Co electrolyte composition to fabricate a high-hardness and low stress mold. In the electroplating results shown in figure 9(a) , when 0.5 wt% of stress reducing agents is added, the internal stress is reduced to zero at 28 wt% of Co concentration. Figure 9(b) shows that H v 550 is developed at 28 wt% of Co concentration with zero stress. The electroplating current density at the beginning is set at 0.5 A dm −2 (ampere square decimeter, ASD) for 60-70 minu. After Ni-Co reaches 1 µm in thickness, the current density is adjusted to 1 ASD until the electroplating process is completed. The electroplating bath and operating conditions are shown in table 2.
In thin-wall microinjection molding, two kinds of materials are tried and compared in this study. The shrinkage rates after demolding as a function of injection temperatures for two materials are shown in figure 10 . One curve is for the compound materials of PC (60%) and ABS (40%). The other curve is LCP. It shows that PC (60%) +ABS (40%) has a larger shrinkage rate than that of LCP. Both shrinkages decrease with temperatures. Compared to PC (60%) + ABS (40%), the shrinkage of LCP is only 0.3% at 250 • C. Since the variation of coefficient of thermal expansion is smaller than most polymers, LCP is a good material for thin-wall microinjection molding. As a result, LCP is chosen as the material for the thin-wall microinjection molding. When LCP flows in the liquid-crystal state, the rigid segments of the molecules align next to one another in the direction of shear flow. When LCP is cooled down below its melting temperature, its structure is formed firmly. It is innovative to fabricate nozzle plates using thin-wall microinjection molding, but it is really a big challenge in process. In this study, the dimensions of nozzle plates are 4 mm in width, 7 mm in length, 8 µm in diameter and 100 µm in thickness. The lowest thickness around a nozzle hole is 40 µm. The aspect ratio is about 5. With a design of a gate runner, 12 pieces of nozzle plates are produced at a single cycle run. The molding parameters are listed in Figure 12 . Test result of a piezo-electric micro-nebulizer. . It is worth noting that in the thin-wall microinjection, when the material comes into the mold cavity, it is difficult to flow because of the viscosity and high ratio of the surface area to the volume, especially for high aspect ratio micro-parts. In order to improve those phenomena, high injection speed (550 mm s ) and pressure (1000 bar) are applied. It can make the material to fill the mold cavity with LCP easily. As shown in figure 11 , when the injection speed to fill the mold cavity is too low, it will make LCP solidify before it enters the cavity and result in a low-filled stage. On the other hand, when LCP is running into the mold cavity, it will fill up the mold cavity with a huge cross-section area first, causing a short shot. In this study, the optimal injection speed is 550 mm s −1 (see figure 11 ). Under this condition, LCP can be injected into the mold cavities to fill them up. This injection speed system uses 5 mm pins to control the stroke movement (with a long trip, it has enough space to accelerate or decelerate the trip), driven by a servo-electric drive coupled with a cam drive system. The cam ensures that the pin reaches the injection velocity in a fraction of a second and has the necessary torque to drive the material into the cavity. It is important to introduce the material into the cavity in a minimal time period, especially for the thin-wall injection. The advantages of the high-speed control are that it can improve pressure and temperature loss during the injection molding. In this study, the cycle time is only 20 s.
Results of a comparison between micro-nebulizers
The nozzle plate product is integrated with a piezo-actuator and fluid cavity. The prototype of the piezo-electric micronebulizer is tested for a wide range of working frequency, as shown in figure 12 . The result shows that when the working frequency of a piezo-actuator is set at 16 KHz, the nebulizing flow rate of 1.8 cc min −1 is obtained. But nebulizing rates of 0.2 cc min −1 and 1.2 cc min −1 are found at working frequencies of 30 KHz and 50 KHz, respectively. Therefore, in this study, 16 KHz is chosen as the working frequency.
As regards nebulized particle size measurement, three different types of micro-nebulizers are tested and characterized. Figure 13 shows the histogram of a particle size of the commercial micro-nebulizers (ultrasonic and pneumatic ones) and the piezo-nebulizer proposed in this study. As shown in figure 13(a) , it is worth noting that the developed piezo-electric micro-nebulizer at 16 KHz frequency oscillation shows an excellent mass median diameter (MMD or D [4] [3] value shown in figure (13) ) value of 6.13 µm. Its power consumption is about 1 Watt. From figure 13(b) , it reveals that due to the high-frequency oscillation (>MHz) of the commercial ultrasonic micro-nebulizer, the MMD value of particles is about 17.56 µm. However, there is a disadvantage of consuming too much power about 18-26 Watt and being too bulky. On the other hand, figure 13(c) shows that the MMD value of the commercial pneumatic micro-nebulizer is about 26.14 µm. There is also a disadvantage of consuming too much power about 70-35 Watt and being noisy. Therefore, it can be clearly seen that this developed micro-nebulizer is better than the other two. The comparison is listed in table 4.
The test sample, myoglobin, is in a native form which contains Heme. When the myoglobin unfolds and releases Heme, the myoglobin changes to a denature form. Three different concentration levels of methyl-alcohol of 50%, 75% and 100%, respectively, are tested. The test results of the FD-ESI mass spectrometer analysis using three different kinds of micro-nebulizers are shown in figure 14 . In figure 14 , the symbol ' ' represents the native form signal and the symbol '•' represents the denature form signal. These three different micro-nebulizers are piezo-electric, ultrasonic and pneumatic micro-nebulizers. When the concentration of methyl-alcohol is 50%, the myoglobin is mainly in native forms. When the concentration increases to 75%, the myoglobin changes to denature forms, but a few in native forms. When the concentration is up to 100%, myoglobin appears almost in a denature form.
Three different kinds of micro-nebulizers are integrated to the FD-ESI mass spectrometer to test the nebulization resolution of a test sample. Their effects of nebulization on the FD-ESI mass spectrometer analysis are compared.
Since the piezo-electric micro-nebulizer shows an excellent performance of nebulization compared to the other two micronebulizers, it obtains a more analytical spectrometer signal. The ultrasonic micro-nebulizer also shows a good performance of nebulization, but it requires larger power consumption and space to accommodate its bulky size. On the other hand, the pneumatic micro-nebulizer shows poor performance. The signal from a pneumatic micro-nebulizer is less clearer than that of the other two. The signal from piezo-electric and ultrasonic micro-nebulizers is more identifiable than that of the pneumatic one. When the test sample contains more methyl-alcohol, the result of the FD-ESI mass spectrometer tends to be in a denature form. Thus, when the concentration of methyl-alcohol is 100%, the experimental result is mostly in a denatured form. All the signals are identified clearly.
According to the experimental result of the FD-ESI mass spectrometer, the practicality of the micro-nebulizer developed in this paper is proved. In addition, the MEMS technology enables miniaturization the analysis system without sacrificing the analysis accuracy.
Conclusion
This paper proposes a new micro-nebulizer integrating piezoelectric actuator, micro-nozzle plate, and the fluid cavity to achieve a high-quality nebulizing effect. Its whole size is about 18 mm × 32 mm × 35 mm in volume and power consumption is about 1 Watt. The fabrication process includes MESD, highhardness Ni-Co alloy micro-electroplating and high-speed precise microinjection molding. The electroplating results show when 0.5 wt% of stress reducing agents is added, the internal stress is reduced to zero at 28 wt% of Co concentration. A mold with hardness of Vicker (H v ) 550 is obtained. In order to improve these phenomena, high injection speed (550 mm s is obtained. This developed piezo-electric micro-nebulizer at 16 KHz frequency oscillation shows an excellent MMD value of 6.13 µm. The result reveals that the new micro-nebulizer shows better results of FD-ESI mass spectrometry compared to commercially available ones with respect to the MMD and nebulizing rate.
